A new approach for determining the sizes of individual, small fluorescent objects with diameters considerably below the optical resolution limit is described in which spatially modulated illumination ͑SMI͒ microscopy and 360 -647-nm excitation wavelengths are used. The results of SMI virtual microscopy computer simulations indicate that, in this wavelength range, reliable measurements of sizes as small as ϳ20 nm are feasible if the low numbers of fluorescence photons that are usually detected from such small objects are taken into account. This method is based on the well-known fact that the modulation of the diffraction image in a SMI microscope is disturbed by the size of the object. Using appropriately calculated calibration functions, one can use this disturbance of the modulation to determine the size of the original object.
Introduction
The elucidation of the three-dimensional nanostructure of complexes of biological macromolecules ͑bio-molecular machines͒ is a major goal of modern biology. For example, specific chromatin regions ͑composed of DNA and proteins͒ may form elaborate structures, the knowledge of which will be highly important for improved understanding of the functional topology of the genome. [1] [2] [3] [4] [5] Other examples of such structures are the organization of transcription factories in which DNA sequences are transcribed into RNA sequences, the organization of replication factories in which DNA sequences are doubled, and the organization of nuclear pores and other complexes that regulate the molecular traffic between the nucleus and the cytoplasm of a cell or between a cell and its environment.
Although in recent years x-ray and electron microscopic analysis of biomolecular machines has made impressive progress, knowledge of the in vivo conformation cannot be replaced by such analyses; especially in the case of weak interactions among the elements that form a biomolecular machine, alterations by fixation are difficult to interpret without knowledge of the in vivo conformation. Furthermore, x-ray and electron microscopic analyses do not allow the dynamics of individual biomolecular machines to be studied in a cellular environment. Both of these problems can be solved by low-energy approaches. Whereas atomic-force microscopy and near-field optical scanning microscopy permit the study of biomolecular machines at high resolution if these machines are positioned at a surface, analysis of such structures in the interior of cells would be possible by far-field light microscopy only. However, because of the small size of many biomolecular machines ͑in many cases of the order of a few hundred nanometers and smaller͒, until recently far-field light microscopy appeared to be excluded from such studies.
In spite of the general limitations of far-field light microscopy with respect to ultrastructural analysis, it can yield valuable structural information if special conditions are fulfilled. For example, in many cases the elements ͑e.g., protein subunits͒ of biomolecular machines are already well known; thus the problem of structural analysis can be reduced to analysis of the reciprocal geometrical relationships among such elements. Spectral Precision Distance Microscopy, 6, 7 in combination with spatially modulated illumination ͑SMI͒ microscopy 8 -14 and several PointSpread Function ͑PSF͒ engineering methods ͑e.g., 4Pi and stimulated-emission depletion, [15] [16] [17] [18] [19] [20] allow high-accuracy nanolocalization and subwavelength mutual distance resolution of small targets labeled with different spectral signatures to be obtained. An equally important issue is determination of the sizes of individual nanostructures by use of far-field light microscopy. For example, the size of a specific chromatin region in a cell is regarded to have a decisive influence on the cell's genetic activity; thus such size measurements may provide key information toward a better understanding of the regulation of gene activity. Another example is the identification of functional biomolecular machines by analysis of the colocalization of their elements: It is obvious that a necessary requirement for the proper functioning of a biomolecular machine is that its elements be sufficiently close together; i.e., the diameter of the minimum volume that envelopes these elements has to meet certain limits.
In this paper we describe a far-field microscopy approach to obtaining information about the sizes of individual specifically fluorescently labeled objects with diameters of approximately 10 -200 nm by use of SMI microscopy.
One of the most important properties of a SMI light microscope is that the excitation light forms an interference fringe pattern along the optical ͑z͒ axis. 10, 11 To achieve this pattern, one focuses a collimated and vertically polarized beam of coherent light into the back plane of two opposite objective lenses after the beam has been split in a Mach-Zehnder interferometer. This configurations generates, between the two objective lenses, a standing-wave field configuration characterized by sin 2 fringe intensity patterns along the optical axis ͑z; Fig. 1͒ . The advantage of this system is that the emission light's intensity distribution is modulated by oscillation fringes. Since this modulation is highly sensitive to the size of the object excited to fluorescence, 12 it will be possible to obtain, with the help of image analysis, information about the size of the fluorescently labeled object along z even if this size is considerably smaller than the excitation wavelength.
Basic Concept of Spatially Modulated Illumination Virtual Microscopy
Before a new method for evaluating the axial diameter ͑size͒ of a small fluorescent object is introduced, it is necessary to recall some basic concepts of SMI microscopy. The SMI PSF is the detected intensity distribution of a pointlike object ͑Fig. 1͒; a pointlike object is an object whose size is smaller than the full width at half maximum of the individual fringes ͑FWHM f ͒. For example, when the excitation wavelength is fixed to be 488 nm and the index of refraction of the embedding medium is 1.5, FWHM f is Ӎ80 nm, and then all objects with diameters smaller than 20 nm can be considered pointlike objects. The SMI diffraction axial fluorescence intensity distribution ͑AID͒ of an object is the axial component of the object's three-dimensional intensity profile acquired by the detection system. In this paper, for simplicity we shall consider only spherical objects, and the determination of object size will be implemented only in the axial ͑ z͒ direction.
A SMI virtual microscopy ͑VIM͒ model permits one to discover how the AID shape is influenced by the size ͑͒ of a fluorecent object. This model can be briefly synthesized in the following way:
1. An extended fluorescent object is represented as the superposition of several pointlike fluorescent objects, each one emitting light independently from the others.
2. Each pointlike object is characterized to have a diameter ͑size͒ of 10 nm ͑sampling size f ͒.
3. The size ͑͒ of the pointlike fluorescent object can be characterized, e.g., by FWHM f of its fluorescent intensity distribution.
4. The resultant fluorescence intensity distribution of an extended fluorescent object is the sum of the SMI PSF of each pointlike object.
5. Therefore the AID of this object is the incoherent superposition of axial PSFs of the sampling pointlike objects. Figure 2 is a graphic representation of this model. Furthermore, considering differently sized objects and using the model described above, we observed that 1. After sampling size ͑ f ͒ is fixed, the AID depends on the number of ͑e.g., equally spaced͒ pointlike objects and thus on size of the extended object.
2. Increasing the number of pointlike objects and thus the size of the extended object causes a decrease in the modulation depth of the axial intensity distribution.
3. The relation between the object size and the AID depends strongly on the excitation wavelength ͑ ex ͒ used. Fig. 1 . ͑A͒ Simplified schematic of a SMI detection system and fringe pattern. At the left and the right we have drawn the two microscope objectives ͑O͒ positioned along the optical ͑z͒ axis and the object plane that is orthogonal to them; between the two objective lenses the SMI fringe pattern is shown. ͑B͒ The axial PSF is the axial intensity distribution of a pointlike object. Subscript EPI denotes epifluorescent intensity distribution; subscript f denotes SMI fringe pattern. 4 . The size range that can be evaluated for each excitation wavelength is limited; in fact, it is not possible to recognize any differences in the axial intensity distribution for Յ 20 nm ͑pointlike condition͒ or for Ͼ 190 nm ͓with ex ϭ 488 nm ͑see Section 3͔͒.
In Fig. 3 the results of a VIM simulation ͑assuming zero noise͒ are shown to clarify the dependence of the AID on the object size ͑͒ in the case in which the excitation wavelength is fixed to be 488 nm.
Nanosize Measurement Algorithm
For the nanosize measurement algorithm we used three dimensional ͑3D͒ digital intensity distributions produced by SMI VIM. The voxel size of each image was 100 nm ϫ 100 nm ϫ 20 nm. Here the projection on the z axis of the 3D axial diffraction image intensity distribution was calculated. The AIDs of extended objects symmetrically positioned with respect to the axial SMI PSF were analyzed. Furthermore, it was assumed that a 3D distance ͑D͒ between an extended object and its nearest neighbor was D Ͼ Ͼ FWHM SMI , where FWHM SMI denotes the full width at half-maximum of the envelope of the SMI PSF of the detection PSFs. One can approximate this FWHM SMI by connecting the maxima of the individual fringes in the SMI PSF. To obtain the desired relationship between object size and AID modulation, we analyzed by virtual SMI microscopy the way in which the AID changed when object size ͑defined here as the maximum distance between the axial positions of the two components of a pointlike object pair of the extended object͒ was varied. We found that the depth of the AID modulation decreased with increasing ͑see Fig. 3 , for example͒. This result can be intuitively explained if one considers that, in SMI microscopy, the fringes are the periodic illumination system that scans the object along the axial direction. The epifluorescent object is sensitive to this periodic system when the object size is smaller than the distance between two neighboring fringe maxima. Otherwise, when the object size is larger than the distance between two neighboring fringe maxima, the axially modulated standing-wave field appears as a uniform illumination field, as in an epifluorescent conventional microscope. Objects with sizes smaller than fringe size FWHM f , e.g., Ͻ 20 nm can be considered pointlike objects, and the AID will correspond to the SMI PSF. In this case, no differences can be detected by the system, e.g., for objects of 10-nm and of 15-nm diameter. In conse- ͑C͒ The AID of an extended object is the sum of the AIDs ͑PSFs͒ of all the pointlike objects. For clarity, the fringes are not represented on the same scale in ͑A͒, ͑B͒, and ͑C͒. quence, the measuring potential of the method described is valid for object sizes between these extremes. The principal approach to quantitative evaluation of size consisted in the study of the ratio between absolute intensity maximum M and background maximum M G under appropriate conditions relates directly to extended object size . We determined the modulation contrast R ϭ M G ͞M ϭ F͑͒ between the absolute intensity maximum ͑M͒ and the maximum of the background, M G , by SMI VIM ͑see above͒, taking into account optical aperture, exciting wavelength, and fluorescent photon count statistics.
Ratio R was studied for the excitation wavelengths ex ϭ 360, 488, 564, 647 nm. For each excitation condition, modulation contrast R was computed and was varied. In this case, the AID was calculated as the axial component of the 3D convolution product of a Gaussian-like object ͑the full width at halfmaximum is ͒ and the SMI PSF. In the research reported here, extended objects asymmetrically positioned in the fringe patterns were not further considered. We used a fit function Ᏻ͑z͒ to extract information from the axial intensity profile to evaluate F͑͒. The fit function, based on a least-squares algorithm, was
͑for definitions of M and M G see Fig. 3͒ , where A and C are constants that depend on ex , B is a constant factor, and z 0 is the position of the axial intensity distribution maximum and where
In Fig. 4 , R ϭ F͑͒ as a function of the object size ͑corresponding to the diameter͒ is shown for ex ϭ 488 nm. For simplicity, the emission wavelength ͑ em ͒ of the excited fluorescence was set to ex . In principle, such a condition can be experimentally determined, e.g., by using fluorescence lifetime microscopy. 1, 6 In Fig. 5 , relation R ϭ F͑͒ mentioned above is represented for all the wavelengths used here in the SMI VIM calculations.
In a certain size range, with different sizes for different excitation wavelengths, R ϭ F͑͒ increases strongly with the axial size of the object. When a spherical object is assumed, corresponds to diameter Ᏸ of the object in all directions ͑ ϭ Ᏸ͒. In a limited range it is possible, when one is evaluating , to determine axial object size either graphically or with the help of a linear approximation function. This range, as expected, depends on FWHM f and varies as excitation wavelength ex is changed.
A part of the curve R ϭ F͑͒ can be well approximated by a linear function: Tables 1 and 2. where ␣ and ␤ are two positive constants:
We evaluated fit parameters ␣ and ␤ by using all the excitation wavelengths cited above ͑compare Fig. 7͒ . The resultant mean values and their standard deviations were determined to be
Noise Simulations
A major obstacle to high-resolution light microscopic analysis of small fluorescence objects in biological applications is the low number of detected fluorescence photons ͑an example is shown in Fig. 8͒ ; therefore, extensive SMI VIM simulations of the effect of photon-count noise were performed. Four excitation wavelengths ͑in four assumed independent detection channels͒, ex1 ϭ 360 nm, ex2 ϭ 488 nm, ex3 ϭ 568 nm, and ex4 ϭ 647 nm, were used. The SMI VIM simulations allowed us to estimate the theoretical limits of size measurements in each channel. In each channel, 3D diffraction image intensity distributions were produced for extended objects of a given size . For example, the total number of detected photons was fixed to be N tot ϭ 10,000. Before we performed image analysis of the virtual data, appropriate Poisson noise was added to the 3D intensity distribution of the objects; for each specimen, 40 different acquisitions were made. In addition, two other conditions were studied: In the first, ex and em were assumed to be the same; in the second, em ϭ ex ϩ 100 nm was assumed. These two extreme cases were chosen because they indicate, whenever they lead quantitatively to similar results of size determinations, that differences between em and ex in this range do not have a major influence.
In Fig. 6 a comparison between an ideal calibration function R ϭ F͑͒ and the result obtained in the nonideal photon-count condition ͑N tot ϭ 10,000͒ described above is shown. The larger vertical bars represent the region where the modulation is low owing to instabilities in the calculation of the fit function. The results indicate that, even under such poor photon-count conditions, the fit function defined in Eq. ͑1͒ is still useful in evaluation of axial object size .
In Table 1 the results of the SMI VIM simulations for R ϭ F͑͒, assuming that em ϭ ex ͑360, 488, 568, and 647 nm͒ and that N tot ϭ 10,000 photons, are listed. For each wavelength the axial sizes were de- Fig. 6 . ex ϭ em . We evaluated the error functions assuming that the total number of photons ͑N tot ͒ registered was N tot ϭ 10,000 and that photon noise was added to the AIDs ͑for more details see Fig. 7͒ . Abscissa, object diameter size ͓nm͔; ordinate, modulation contrast R. The continuous curves are calibration functions under ideal noiseless conditions evaluated by VIM. Fig. 7 . Linear relation between modulation contrast R and object size . Linear coefficients ␣ and ␤ were calculated by use of all the calibration functions shown in Fig. 5 . Fig. 8 . Effect of photon noise on the AID of an extended object. Note that the excitation wavelength used was 488 nm and that for clarity not all the images are drawn to scale.
termined by use of a graphic illustration of the calibration function ͑see Figs. 4 and 5͒ and the columns headed ͑nm͒, for the linear approximation formula, and L ͑nm͒, starting from the detected values of the parameter R. As expected, the accuracy in evaluation depends on the true size t that is evaluated and even more on the wavelength used. For each ex , the accuracy of the size evaluation was better in the region where the graph was fairly well be approximated by a linear fit function. This region changes for different excitation wavelengths. When we used smaller wavelengths and the nonlinear calibration mode, we detected true object diameters as low as 20 nm, with errors ͑standard deviation͒ of a few nanometers. In a linear approximation calibration mode, true object extension to 40 -50 nm was correctly detected by the SMI evaluation procedure ͑see Fig. 9͒ . Using longer wavelengths, we correctly determined true diameters up to ϳ260 nm. Figure 10 shows the relationship obtained between true size t and detected size as the result of the calculation procedure. The simplest correlation between true size and evaluated size is given by a continuous straight line with use of the linear approximation mode. The error bars indicate the standard deviations obtained under the assumption of Poisson noise corresponding to a total number N tot ϭ 10,000 of fluorescent photons detected for each 
Three VIM approaches determining object size, starting from the evaluation of modulation contrast R, were used. The evaluations were performed for the effective excitation wavelengths shown: t , true size values, i.e., FWHM True of the objects fixed at the start of the VIM simulation process (see Fig. 3) ; , object size, determined by use of the graphic illustration of modulation contrast R (for more details see Figs. 4 and 5 and the text); L , object size determined after inversion of the linear approximation of the calibration function (for more details see Fig. 7 and the text). object in each channel. For each wavelength, the range where the linear approximation can be used successfully is given by the region with small-sized error bars. Table 2 lists the results for the second condition: em ϭ ex ϩ 100 nm. A comparison of the results of Table 2 with those of Table 1 shows that similar results are obtained for the two cases: ex ϭ em and em ϭ ex ϩ 100 nm. This comparison indicates that the size evaluation does not critically depend on the small enlargement of FWHM SMI of the enveloping curve ͑corresponding to the detection PSF͒ of the SMI PSF produced by reasonable small Stokes shifts of the fluorescent emission. Under both conditions, however, a strong dependence of size determination on excitation wavelength ex was noted. This last consideration suggests a imaginary picture to describe a SMI microscope: Such a microscope could be imagined as a linear ruler in which the SMI interference fringes are the marks. Varying ex modifies fringe widths FWHM f and thus the widths of the marks. Reducing the widths of the marks measuring small object sizes easier.
Conclusion
We have shown by virtual microscopy simulation of spatially modulated illumination microscopy the way in which disturbances made by small fluorescent objects on the modulation of a SMI diffraction image can be used to measure axial object size ͑spherical objects: diameter Ᏸ͒ far beyond the limits of conventional high-resolution fluorescence microscopy ͑limited to a few hundreds of nanometers in the axial direction even under optimum optical conditions͒. The minimum detectable object size may be called size resolution. Labeling the object with a minimum of one spectral signature only is sufficient. Furthermore, the predicted increase in size resolution should be possible for all small fluorescent objects with a nearest-neighbor distances larger than FWHM SMI of the SMI detection PSF. Assuming exciting wavelengths in the visible range ͑360, 488, 568, and 647 nm͒, we showed that a SMI microscope of the type described in this paper ͑illumination modulation in direction of the optical axis͒ permits determination of the extension ͑diameter͒ of the object in the direction of the optical axis ͑axial size͒ where can vary from 20 to 200 nm, even under conditions of a low fluorescent photon count. It is interesting to note that a difference of 100 nm between ex and em resulted in similar size determinations as the theoretical assumption of zero difference. However, the absolute value of ex was found to exert a decisive influence. Such low photon counts are typical for small biological, fluorescently labeled specimens. As an experimental test of the predictions made by the SMI VIM simulation shown here, we made several measurements with a SMI microscope with one-photon excitation ͑ ex ϭ 647 nm; ex ϭ 488 nm͒. In these experiments, beads with diameters that ranged from 40 to 100 nm ͑according to information provided by the manufacturer͒ were used. Bead diameters as small as 40 nm were reliably determined. 21 The results obtained with the algorithm presented here were in good agreement with the size estimates given by the calibration curves; i.e., so far, a size resolution of 40 nm was experimentally confirmed. When a shorter wavelength ͑e.g., ex ϭ 360 nm͒ was used, the SMI VIM simulations indicated that it is possible to achieve enough accuracy to evaluate object sizes of as much as 20 nm, i.e., to distinguish them from objects that are considerably smaller. ͑For lack of appropriate calibration objects, so far experimental data have been not available.͒ We anticipate that eventually a size resolution of 10 nm will be become feasible with SMI microscopy if ultraviolet light is used for excitation. In the SMI VIM simulations, only axial modulation of the illumination was considered. When spherical objects are used, axial size that is determined corresponds to diameter Ᏸ of the object ͑ ϭ Ᏸ͒. When the object to be measured is elongated, the extension will have to be measured in different directions, which can be done by various means, such as by rotation of the object itself or by introduction of lateral modulation in addition to axial modulation. 22, 23 These SMI VIM microscopy results indicate that size measurements by far-field fluorescence microscopy of specific biological structures in the interiors of thick specimens such as cells may become an alternatives to size measurements made by electron microscopy. Because the procedures for taking electron microscopic size measurements are highly demanding, the replacement of electron microscopy by far-field light microscopic procedures should open an avenue to large-scale analysis of small biological structures, even in 3D-conserved ͑intact͒ cells, such as small changes in chromatin condensation, the size of transcription factories, clusters of membrane proteins, vesicle sizes, and retrovirus sizes. Light scattering might adversely effect the size measurements made by the SMI method by increasing the illumination background. Such an effect will depend on Two VIM approaches to determining the object size, starting from the evaluation of modulation contrast R, were used. The evaluations were performed for the effective excitation wavelengths shown: t , true size values, i.e., FWHM True of the objects fixed at the start of the VIM simulation process ͑see Fig. 3͒ ; , object size, determined by use of the graphic illustration of modulation contrast R ͑for more details see Figs. 4 and 5 and the text͒; L , object size determined after inversion of the linear approximation of the calibration function ͑for more details see Fig. 8 and the text͒. actual conditions. Eventually, combining SMI nanosize measurements with SMI precision distance measurements in the few-nanometer range should eventually make it possible to develop nanoscopes that will be capable of approaching in biological structure analysis the accuracy of the electron microscope in both size and topology ͑mutual position and distance determination between appropriately fluorescence labeled subunits of a given small biological structure͒. This study was supported by the Bundesminister fü r Bildung und Forschung and the Deutsche Forschungsgemeinschaft. For stimulating discussions, we thank Ana Pombo ͑MRC, London͒.
